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This net 
radiative input 
drives the 
global 
atmospheric 
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SIMPLE MODELS OF ENSEMBLE-AVERAGED PRECIPITATION AND SURFACEWIND, GIVEN THE SEA SURFACE TEMPERATURE11

fluxes are limited on these time scales by surface radiation and ocean heat transport
regardless of wind speed (e.g., Waliser and Graham 1993; Sobel 2003; Seager et
al. 2003).
We can make this argument more sophisticated in a number of additional ways.

One is to include some dependence on free-tropospheric relative humidity, which
appears in observations to exert some control over deep convection (e.g., Sher-
wood 1999; Parsons et al. 2000), presumably through its effect on entrainment and
downdrafts. Free-tropospheric moisture does not enter standard — non-entraining,
pseudoadiabatic — definitions of CAPE (e.g., Emanuel 1994; Curry and Webster
1999)2, and so is considered a separate influence according to standard categoriza-
tions. Another is to relate precipitation to other indices of parcel stability, instead
of or in addition to CAPE, such as convective inhibition (CIN), as argued by Mapes
(2000) in the context of transient variability, or othermeasures of disequilibriumbe-
tween PBL and free-tropospheric parcels, as in “boundary layer quasi-equilibrium”
(Raymond 1995; Raymond et al. 2003). All these measures can generally be ex-
pected to vary in the same way with SST; high SST regions tend in general to
have high tropospheric moisture, low CIN, etc. Because of this, and because none
of these ideas requires any information about the PBL momentum budget, for our
purpose here it is not important to distinguish between them.
These thermodynamic ideas are manifest in a number of models for the steady

circulation which use so-called quasi-equilibrium convective closures (e.g., Seager
1991; Kleeman 1991). The control of precipitation by SST according to these
ideas is perhaps most transparently seen in Sobel and Bretherton (2000) who use
single columnmodels (with essentially CAPE-based convective closures) to predict
precipitation, with the free-tropospheric temperature profile held fixed (WTG) and
SST the only input parameter which is allowed to vary from one point to the next.

CONSERVED VARIABLE BUDGETS

An entirely distinct view, originatingwith Neelin and Held (1987) invokes the moist
static energy budget, and ignores CAPE or any other measure of parcel buoyancy
entirely. I give an exposition of this view here, drawing directly on the treatment by
Neelin (1997). We stick with moist static energy although the same arguments can
be phrased in terms of moist entropy or equivalent potential temperature with no
important changes. In pressure coordinates, the equation for the moist static energy,
h = cpT +Lvq+gz, with cp the heat capacity at constant pressure, T temperature,
Lv latent heat of vaporization, q specfic humidity, g gravitational acceleration, and
z geometric height, is

∂th + u ·∇h + ω∂ph = −R (4.4)
where −R is the radiative cooling (R assumed positive), and we have not yet per-
formed any averaging in time or space. Now, taking a time average over some

2Free-tropospheric moisture does enter the non-entraining CAPE through its influence on the virtual
temperature of the free troposphere, but that effect is both small in magnitude and of opposite sign to
the effect of the same moisture on the likelihood and intensity of deep convection via entrainment and
dowdraft effects.
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interval long enough that the average tendency becomes negligible, and then ver-
tically integrating from the surface (p = ps) to a nominal tropopause (p = pt) at
which the vertical velocity ω and all turbulent fluxes are assumed to vanish, leads
to

< u ·∇h > + < ω∂ph >= Fnet (4.5)

where

Fnet = E + H− < R > (4.6)

is the total moist static energy input to the atmospheric column, E is the surface
latent heat flux and H is the surface sensible heat flux, the overbar represents the
time average and the angle brackets represent a vertical average:

< X >= (ps − pt)−1

∫ ps

pt

Xdp.

Now let us neglect horizontal advection. This is a major assumption, not neces-
sarily justified. Horizontal temperature advection can be generally assumed small
in the deep tropics, but horizontal moisture advection cannot, and this implies that
significant horizontal advection of moist static energy can occur. Nonetheless, we
make this assumption here for the sake of argument, and return to it later. We then
also neglect transients, assuming

< ω∂ph >≈< ω∂ph > .

This may not necessarily be justified either, and needs to be reconsidered later
together with the neglect of horizontal advection. We now make one additional key
assumption. We assume ω to have separable horizontal and vertical dependence:

ω(x, y, p) = Ω(p)ω̂(x, y), (4.7)

with the dimensionless function Ω(p) known. We assume that Ω is of order unity
and positive; assuming the vertical velocity to have a deep, single-signed vertical
structure, as normally associated with the first baroclinic mode, ω̂ can be thought
of as the value of ω at a midtropospheric level, say, 500 hPa. The theory can be
generalized to allow Ω(p) to be a function of horizontal position, as long as it is a
slowly varying function compared to ω̂. Then, we can take ω̂ out of the integral to
obtain

−ω̂M = −ω̂ < −Ω∂ph >= Fnet. (4.8)

We now have a predictive theory for the horizontal structure of the vertical ve-
locity, if we know three quantities: the surface fluxes (of which the latent heat flux
is by far the dominant contributor over the tropical oceans; sensible heat flux can
be neglected there to a good approximation), the radiative cooling, and the gross
moist stability,M :

M ≡ − < Ω∂ph > . (4.9)

M is not directly related to any measure of local stability at a point (e.g., the buoy-
ancy frequency), nor to any measure of column stability derived from buoyancy
considerations, such as CAPE. [Note that here M has the units of ∂ph, that is,

h = cpT + gz + Lvq
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moist energy budget:

vertically integrate, time average, 
neglect horizontal gradients: �!̂ h�⌦@phi = hFneti

<latexit sha1_base64="K/YR+AkieTwB6gHedIkkJ/BjBEs="></latexit>
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Let’s go beyond the zonal mean, by combining CERES radiative 
fluxes with estimates of surface turbulent fluxes

@t hhi+r · h~uhi = Rsurf �RTOA + E +H
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C@tTs = Rsurf + E +H
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These Indian 
Ocean clouds have 
a larger radiative 
forcing than other 
regions with similar 
large-scale ascent

following Bony et al. 2004
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Theoretical prediction of the effect of 
tropical cloud radiative effect on precipitation

tropical cloud radiative effect (W m-2)
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8 ENERGY BUDGET CONTROL OF THE REGIONAL ITCZ

land and absorbed entirely by ocean in marine regions. This idealized limit of infi-
nite ocean bu↵ering and vanishing continental thermal inertia yields an anomalous
energy source that can be inverted, via the Laplacian, to obtain the distribution of
�0, and thus of u0

h
and v0

h
, needed to maintain energy balance,

r
2�0 = (1� ↵)I 0L+

(L� 1)

AO

Z
(1� ↵)I 0L dA(5)

u0
h
î+ v0

h
ĵ = r�0(6)

where L is the fraction of land at each point, AO is the surface area of the global
ocean, and the integral is performed over the globe. To avoid using information from
the altered climate state (i.e. the mid-Holocene) as an input to the theory, we use
the PMIP3 preindustrial planetary albedo for ↵; previous studies recognized this
fraction of the insolation anomaly as the relevant mid-Holocene shortwave forcing,
but only considered its zonal mean distribution30. Despite these idealized assump-
tions, the resulting distribution of �0 (Fig. 3b, blue contours) decently matches that
simulated by GCMs over Africa and Eurasia (Fig. 3a). Larger deviations occur over
ocean, which is not surprising since the ocean is not a uniform sink for anomalous
radiation. Nevertheless, it is remarkable that continental maxima of �0 can be
predicted so well given only modern albedo and orbital parameters.

When equation (6) is used to turn this theoretical �0 into an energy flux anomaly
and equations (2)-(4) are then used to find the rainfall shift, we obtain a theoret-
ical prediction of the mid-Holocene rainfall anomaly. This prediction consists of
a northward shift of rainfall maxima in most longitudes, a westward shift in the
Indian Ocean, and an eastward shift over Central America (Fig. 3b). Although
there is anomalous westward energy flux over much of Africa, the theory predicts
no eastward shift of rainfall there because no EFPM exists over Africa (e.g. Fig.
2a). The theory predicts too large of an ITCZ shift in the East Pacific and Central
America, consistent with its poorer skill in representing the oceanic � anomaly.
Indeed, when anomalous energy flux simulated by the GCMs is used in the the-
ory instead of (5)-(6), the di↵erence between the theory and the GCMs is reduced
over the East Pacific and Central America (Fig. 3c). The theory predicts strongly
enhanced rainfall over the western Indian Ocean regardless of whether we use (5)-
(6) or the GCM simulations to obtain the energy flux anomaly, while the models
simulate weak drying there.

Our theory for the rainfall response to the insolation anomaly matches that sim-
ulated by the GCMs remarkably well over North Africa (Fig. 4). This fit improves
when the model-simulated anomalous energy flux is used in the theory instead of
(5)-(6), but the mildness of this improvement indicates that enhanced North African
rainfall simulated by the GCMs can be understood as the ITCZ shift needed to
maintain energy balance given the two-dimensional distribution of the absorbed
shortwave anomaly. This is an important result because it indicates that the pre-
cipitating atmospheric dynamics simulated by the GCMs respond to the orbital
forcing as expected given our understanding of the atmospheric energy budget; if
this response is too weak compared to proxies14, some other mechanism is likely
involved.

Pollen-based reconstructions suggest that annual rainfall was 350±150 mm higher
between 20�N and 30�N over Africa in the mid-Holocene than today11. If all of
this fell during the May-September rainy season, an average increase of 1.2 to 3.6
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diverges from all northern hemisphere continents during the mid-Holocene. This
response balances the insolation anomaly: seasonally enhanced downward short-
wave radiation can be bu↵ered over ocean because of large oceanic heat capacity
but must be balanced by divergent AET over land where surface thermal inertia
is small. The region of high preindustrial boreal summer rainfall (green contour
in Fig. 3a) shifts down the gradient in �0 just as it did for ENSO, producing an
inland shift of precipitation over Africa and nearly all of South Asia. The anoma-
lous divergent AET has large zonal components in some regions, even though the
insolation anomaly is zonally symmetric.

Although it is tempting to do so, we refrain from associating anomalous energy
flux divergence with anomalous mass flux divergence; that would require constrain-
ing the atmosphere’s energetic stratification (i.e. the gross moist stability [GMS]),
which has been shown to change in idealized models of the response to orbital forc-
ing27. Instead, we follow the ideas presented in the previous section and assume
that the precipitation distribution shifts with the local EFE and EFPM. That is,
precipitation in the two climate states is related by

(2) P2(�� ��,�� ��, ) = P1(�,�)

where � is latitude, � is longitude, P is precipitation, and subscripts 1 and 2 indicate
properties of modern and mid-Holocene climates, respectively. The meridional and
zonal shifts in precipitation are

�� = (�0,2 � �0,1)H (|�� �0,1|���)(3)

�� = (�0,2 � �0,1)H (|�� �0,1|���)(4)

where �0,i and �0,i are the EFE and EFPM, respectively, in climate state i, and
H is the Heaviside function, introduced to allow a meridional shift only within a
meridional distance �� = 20� of the EFE and a zonal shift within a zonal distance
�� = 80� of the EFPM. The quantities �0,i and �0,i are functions of longitude
and latitude, respectively, so that a two-dimensional shift can be predicted at every
latitude and longitude. When multiple EFEs exist at a given longitude, relation
(3) is used to obtain �� for each EFE and these values are averaged for all EFEs
before (2) is computed; a similar procedure is used when multiple EFPMs exist at
a given latitude.

This approach departs from that used in early energy-budget theories for tropical
rainfall1, but has the benefit of being based on weaker assumptions. In particular,
it does not require a constraint on GMS changes, assuming instead that the location
where the divergent wind changes sign shifts together with the location where the
divergent AET changes sign. If the GMS is defined as the ratio of the vertically
integrated energy flux to the time-mean mass flux in an overturning circulation28,
this only requires that the GMS not change sign at a particular location between
the two climate states. Our approach is also distinct from theories in which the
ITCZ shift is approximated based on the anomalous meridional energy flux across
the geographic equator6;7;26;29; we determine EFE and EFPM shifts by simple
inspection of the energy flux distribution.

Although shifts in the EFE and EFPM could be obtained from simulated mid-
Holocene energy flux anomalies, such an approach would be unsatisfying because it
requires simulating the anomalous atmospheric state. Instead, we derive a theory
for the anomalous AET by assuming that the fraction (1�↵) of the seasonal insola-
tion anomaly I 0 not reflected to space is transferred entirely to the atmosphere over
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Our two applications

1. Earth’s seasonal cycle — some surprising effects of clouds on precipitation 

2. The very persistent precipitation bias in climate models
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CMIP models also have a large positive bias in net energy input over 
the Southern Ocean

CMIP6 MMM - observations (CERES+OAFlux)



CMIP models also have a large positive bias in net energy input over 
the Southern Ocean

CMIP6 MMM - ERA5 reanalysis



Theoretical prediction of the effect of the 
CMIP6 MMM energy input bias on precipitation
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Summary

• Moist energy inputs drive 
tropical circulations 

• 2D (lat-lon) moist energy 
budget frameworks can 
help in quantitatively 
understanding how 
regional rainfall responds 
to a variety of forcing

• CERES TOA and surface 
radiative flux estimates 
provide an important 
observational constraint on 
the net energy input

http://boos.berkeley.edu
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all-sky

clear-sky
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Basic motivating idea: 
Tropical rainfall maxima shift toward an anomalous energy source
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Effect of clouds JJA

DJF
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But we’ve left out the transient energy storage 
term (here MAM)



transient storage 
approximated by dT/dt(500 

hPa)
bias



The net energy input to the atmosphere is a central quantity in these 
frameworks, yet this has received little attention beyond the zonal mean

Neelin (2007), Chou & Neelin (2003), from ERBE and COADS

April 5, 2007 Time: 08:24pm chapter10.tex
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FIGURE 10.4. Net flux into the atmospheric column of longwave, shortwave, sensible, and
latent heat through the surface and top of the atmosphere, estimated from observations for
(a) January (from Chou and Neelin 2001) and (b) July (from Chou and Neelin 2003).
(Reproduced with permission from the American Geophysical Union c⃝ 2001 and from the
American Meteorological Society c⃝ 2003.)

not surface temperature. Consequences of this difference for summer monsoons are

elaborated in the following section.

10.5. Dynamical Mechanisms in Monsoon Poleward Boundaries

Comparing the poleward boundary of strong seasonal precipitation in Fig. 10.1 (c) and

(d) with the poleward extent of positive net flux into the atmospheric column over

summer continents in Fig. 10.4 raises a question posed in Chou et al. (2001), Chou and

Neelin (2001), and CN03. If the leading balance typical of tropical dynamics applied,

positive net flux into the column would lead to rising motion and precipitation, with the

associated low-level convergence supplying sufficient moisture to meet the convective

threshold (a substantial fraction of the time). Since the boundary of the convection zone,

as measured by substantial precipitation, clearly does not extend nearly as far poleward


